INTRODUCTION
Larval mosquitoes occur in a variety of aquatic habitats ranging from man-made containers and ditches to woodland pools and marshes. The salinity of these habitats varies from nearly salt-free freshwater (FW) to brackish water (BW) and seawater. In FW environments, the osmotic gradient between the circulating hemolymph of the larva and the external aquatic medium favors the influx of water into the body and the efflux of ions from the body.
In saline conditions, the osmotic gradient is reversed and the larva is susceptible to passive water loss and excessive salt gain. The survival of mosquito larvae depends on their ability to regulate the influx and efflux of ions and water across osmoregulatory epithelia such as those of the midgut, Malpighian tubules (MT), hindgut and anal papillae (Clements, 1992; Bradley, 1994 ). In contrast, far less emphasis has been placed on the paracellular pathway which is regulated by the specialized cell-cell junctions known as septate junctions (SJs). As a result, the role of SJs in the maintenance of salt and water balance in mosquito larvae is poorly understood.
In cross-section electron microscopy, SJs display a characteristic ladder-like structure between adjacent cells with septa spanning a 15-20 nm intercellular space (Green and Bergquist, 1982) . SJs typically form circumferential belts around the apicolateral regions of epithelial cells and control the movement of biological material through the paracellular route (Jonusaite et al., 2016a) . Several morphological variants of SJs exist across invertebrate phyla and some animals possess multiple types of SJs that are specific to different epithelia (Green and Gliotactin (Gli) is a single-pass transmembrane protein that belongs to the Neuroligin family of cholinesterase-like adhesion molecules. Gli was the first Drosophila SJ protein to localize exclusively to occluding regions of the tricellular junction (TCJ) which forms at regions of tricellular contact between three neighbouring epithelial cells (Schulte et al., 2003; Gilbert and Auld, 2005) . In addition to an extracellular cholinesterase-like domain, Gli contains an intracellular domain with two tyrosine phosphorylation residues and a PDZ binding motif, both conserved in all Gli homologues (Padash-Barmchi et al., 2010). In Drosophila ectodermal epithelia, Gli is required for the development of both TCJ and SJ (Schulte et al., 2003) . Gli null mutant Drosophila embryos die due The effect of environmental salinity on the SJ permeability of osmoregulatory epithelia of aquatic insects and, more broadly, invertebrates is not well understood. Salinity-induced changes in the ultrastructure of pSJs have been reported for the gill epithelium of euryhaline crabs (Luquet et al., 1997 (Luquet et al., , 2002 . This suggests that alterations in the molecular physiology of aquatic arthropod SJs in osmoregulatory epithelia should be expected in response to changes in the ionic strength of their surroundings, and two recent studies support this hypothesis. The first (see Jonusaite et al., 2017) reported that the flux rate of the paracellular permeability marker PEG-400 was greater across the midgut epithelium of BW-reared larval A. aegypti when compared to organisms reared in FW, while the Malpighian tubules had reduced PEG-400 permeability in BW versus FW larvae. The changes in PEG-400 flux across the midgut and Malpighian tubules occured in association with increased transcript abundance of the sSJ proteins Ssk and mesh in these epithelia of BW-reared larvae when compared to FW animals (Jonusaite et al., 2017) .
In a second study, a salinity-induced increase in the protein abundance of the integral SJ protein kune-kune (Kune) was observed in the posterior midgut as well as anal papillae of A. aegypti larva while other SJ proteins were unaltered (Jonusaite et al., 2016b) . Taken together, these observations suggest that select SJ proteins contribute to osmoregulatory homeostasis in larval A. aegypti (Jonusaite et al., 2016b (Jonusaite et al., , 2017 .
To the best of our knowledge, an osmoregulatory role for TCJs and the idea that a tricellular SJ protein might contribute to osmoregulatory homeostasis in an aquatic invertebrate have yet to be explored. In aquatic vertebrates such as fishes, the tricellular tight junction (TJ) protein tricellulin has been proposed to play a role in maintaining the barrier properties of osmoregulatory organs such as the gill (Kolosov and Kelly, 2013) . Therefore it seems reasonable to consider that in the functionally analogous occluding junction of an aquatic arthropod facing the same physiological problems as that of an aquatic vertebrate, a tricellular SJ protein may also contribute to salt and water balance. In this regard, it can be hypothesized that in A. aegypti larvae Gli will be salinity responsive in osmoregulatory organs and contribute to changes in the permeability of SJs. To address this further, the objectives of this study were to examine (1) Gli expression and localization in the osmoregulatory tissues of larval A. aegypti, (2) changes in Gli abundance in association with changes in environmental ion levels and (3) whether functional knock down of gli would alter the paracellular permeability of a larval mosquito osmoregulatory epithelium, the midgut.
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MATERIALS AND METHODS
Experimental animals and culture conditions
Larvae of Aedes aegypti (Linnaeus) were obtained from a colony maintained in the Department of Biology at York University as previously described (Jonusaite et al., 2016b Transcript abundance of gli in the midgut, Malpighian tubules, hindgut and anal papillae of A. aegypti larvae was examined by qPCR analysis. Reactions were carried out using the primers listed in Table 6 For qPCR analyses, gli mRNA abundance was normalized to either 18S rRNA or rp49 transcript abundance. A.
aegypti 18S rRNA and rp49 mRNA were amplified using primers previously described (Jonusaite et al., 2016b ).
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Western blot analysis and immunohistochemistry
Western blotting for Gli in the tissues of interest (gastric caecae, anterior midgut, posterior midgut, Malpighian tubules, hindgut, anal papillae) was performed as previously detailed (Jonusaite et al., 2016b) . A custommade polyclonal antibody that was produced in rabbit against a custom-made synthetic peptide (GASRAGYDRSNNAS) corresponding to a 14-amino acid region of the C-terminal cytoplasmic tail of A. aegypti
Gli (GenScript USA Inc., Piscataway, NJ, USA) was used at 1:500 dilution. To confirm the specificity of the custom-made A. aegypti Gli antibody, a comparison blot was also run with the Gli antibody pre-absorbed with 10x molar excess of the immunogenic peptide for 1 h at room temperature prior to application to blots. After examination Immunoresearch) was applied at 1:400 to visualize VA. Negative control slides were also processed as described above with either primary antibodies omitted or the Gli antibody pre-absorbed with 10x molar excess of the immunogenic peptide for 1 h at room temperature prior to application to tissues. Images of sections of anal papillae were captured using an Olympus IX71 inverted microscope (Olympus Canada, Richmond Hill, ON, Canada)
equipped with an X-CITE 120XL fluorescent Illuminator (X-CITE, Mississauga, ON, Canada). Whole-mounts were examined using an Olympus BX-51 laser-scanning confocal microscope. Images were assembled using Adobe Photoshop CS2 software (Adobe Systems Canada, Toronto, ON, Canada).
dsRNA preparation and delivery
Total RNA was extracted from the midguts of 4 th instar A. aegypti larvae and cDNA was generated as described above. Using this cDNA template, a fragment of the gli gene (976 bp) was amplified by RT-PCR using primers (forward 5'-TGCTCAATCGAAACTTCGTG-3'; reverse 5'-GTTCCCACCAGAACTCCGTA-3') designed based on gli sequence submitted to GenBank. A BLAST search analysis was used to confirm the absence of sequence identity between the 976 bp gli gene fragment and other genes found in A. aegypti. A fragment of β-lactamase (βLac; 799 bp) was also amplified by RT-PCR from a pGEM-T-Easy vector (kind gift from J. P. Paluzzi, York University) using the following primers: forward 5'-ATTTCCGTGTCGCCCTTATTC-3'; reverse 5'-CGTTCATCCATAGTTGCCTGAC-3'. PCR products were concentrated and purified using a QIAquick PCR
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Purification kit (Qiagen Inc., Toronto, ON, Canada) and used to generate double stranded (ds) RNAs by in vitro transcription using the Promega T7 RiboMAX Express RNAi Kit (Promega, WI, USA). dsRNA was delivered to larvae as previously described (Chasiotis et al., 2016 ) with slight modification. Briefly, groups of 25 4 th instar larvae were incubated for 4 h in 500-600 μl PCR-grade water containing 0.5 μg μl -1 dsRNA and then transferred into 20 ml distilled water. To confirm reduction in gli transcript as a result of dsRNA treatment, total RNA was extracted and cDNA generated from larval whole body and midgut at day 1 post-dsRNA treatment. The latter cDNA templates were used in RT-PCR with the above primers. Reduction in Gli in larval midgut as a result of dsRNA treatment was examined by western blotting at days 1 and 2 post-dsRNA treatment. 
Statistics
Data are expressed as mean values ± s.e.m. (n). Comparisons between tissues were assessed with a one-way ANOVA followed by a Tukey's comparison test. A Student's t-test was used to examine for significant differences between control and experimental groups. Statistical significance was allotted to differences with p < 0.05. All statistical analyses were conducted using SigmaStat 3.5 software (Systat Software, San Jose, USA).
RESULTS
Gli identification and expression in larval A. aegypti
Using the NCBI EST database, a full coding sequence of the A. aegypti SJ gene gli was obtained and primers were designed to amplify regions within and across ESTs using larval cDNA. Assembled sequence identity was confirmed by performing a BLAST search using amplified coding sequence of gli. A. aegypti Gli encodes a 993 amino acid protein with a predicted molecular weight of 113 kDa that shares 68% amino acid identity with Drosophila Gli (Fig. 1A) . The primary structure of A. aegypti Gli is similar to Drosophila Gli (Padash-Barmchi et al., 2010) and contains a single-pass transmembrane domain, a large extracellular region containing a carboxylesterase type-B domain, and intracellular domain with two tyrosine phosphorylation residues and a PDZ binding motif (Fig. 1B) .
Quantitative analysis of gli mRNA in the osmoregulatory organs of A. aegypti larvae revealed the presence of gli transcript in all tissues examined, i.e. the midgut, Malpighian tubules, hindgut and anal papillae but transcript abundance was highest in the midgut ( Fig. 2A) . Western blot analysis of Gli in larval osmoregulatory tissues showed that anti-Gli antibody detects three tissue-specific bands with molecular weights of ~ 115 kDa, ~ 150 and ~ 245 kDa (Fig. 2B) . A single ~ 115 kDa band, which corresponds to the predicted Gli protein size, resolves in the Malpighian tubules. The protein of ~115 kDa is also detected in the anal papillae where an additional putative Gli dimer of ~ 245 kDa and a lower molecular mass band (<75 kDa), which most likely represents a degradation product, are seen.
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Antibody pre-absorption with the immunogenic peptide produced no staining of Gli in the anal papillae (Fig 2B, right lane). In the hindgut, three Gli products were immunodetected corresponding to the monomer, dimer and additional Gli form of ~150 kDa, which were all blocked by antibody pre-absorption with the immunogenic peptide (Fig. 2B ). In the gastric caecae and posterior midgut, Gli was detected as a ~150 kDa protein and a degradation product whereas anterior midgut samples revealed the presence of faint Gli dimer and a predominant ~150 kDa form (Fig. 2B) . A non-specific low molecular weight band (<50 kDa), which was not blocked by the immunogenic peptide, was seen in the samples from different regions of the midgut (Fig. 2B) .
Immunostaining of Gli revealed its localization to the entire SJ domain between the epithelial cells of the gastric caecae, anterior and posterior midgut (Fig. 3A-D) . In the Malpighian tubules, Gli immunolocalization appeared to be restricted to the cell-cell contact regions between the stellate and principal cells in the distal twothirds of the tubule (Fig. 3E-H) . Little to no immunoreactivity of Gli was seen in the proximal third of the tubule ( Since both Gli and AeAE antibodies were produced in rabbits, double labeling could not be performed. In the whole mount rectum and sections of anal papillae, Gli showed some punctuate staining along the plasma membranes of the rectal epithelial cells (Fig. 3M ) and papilla epithelium (Fig.   3N ). Within the epithelium of anal papillae, there was some overlap in immunoreactivity between Gli and apical membrane marker VA (Fig. 3O) . Gli staining was absent in control whole mounts or sections which were probed with secondary antibodies only or with Gli antibody that was pre-absorbed with the immunogenic peptide ( Fig. 3P; only sections of anal papillae are shown). Gli was not observed to immunolocalize in non-epithelial tissue where SJs have not been described, such as the musculature of the gut (Fig. 3B,C) .
Effects of rearing salinity on gli transcript and Gli protein abundance
Rearing the larvae of A. aegypti in BW resulted in a significant increase in gli mRNA abundance as well as Gli protein abundance in the midgut and Malpighian tubules (Fig. 4A,B) . Because of lack of consistent immunodetection of Gli in the posterior midgut, Gli protein abundance was examined only in the anterior midgut of FW-and BW-reared animals. Elevated Gli protein abundance was also observed in the hindgut of BW-reared larvae with no change in gli transcript abundance in this tissue compared to FW-reared animals (Fig. 4A,B) . While the ~ 150 kDa Gli form was always detected in the samples of anterior midgut and hindgut from FW-and BW-reared animals, the potential dimer form was not consistently detected in these tissues. As a result, only the ~ 150 kDa Gli form was quantified in these tissues of FW-and BW-reared larvae.
Lastly, there was no change in Gli transcript and protein monomer and putative dimer abundance in the anal papillae when larvae were reared in BW (Fig. 4A,B) .
Effect of Gli dsRNA knockdown on midgut permeability
To characterize Gli function in the osmoregulatory epithelia of larval A. aegypti, gli expression was knocked down using gli-targeting dsRNA. Following this, Gli protein abundance was examined as well as paracellular permeability in the midgut using the midgut permeability assay (see Jonusaite et al., 2017) . Larvae
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treated with gli dsRNA showed a significant reduction in ~ 150 kDa Gli protein abundance in the anterior midgut at day 2 post-gli dsRNA treatment compared to βLac dsRNA treated group (Fig. 5A,B ). As such, day 2 post-gli dsRNA treated larvae were subjected to the midgut permeability assay. These larvae exhibited decreased PEG-400 flux (efflux, basolateral to apical) across the midgut compared to values from midguts of βLac dsRNA treated animals (Fig. 5C ).
DISCUSSION
Overview
In this study, we identified the Aedes aegypti homolog of the transmembrane septate junction protein, Gli.
We hypothesized that Gli would localize to the tricellular junction complex in the epithelia of larval mosquito as has previously been reported in Drosophila (see Schulte et al., 2003 Schulte et al., , 2006 ; however, this was not the case since in most tissues examined, Gli localized at bicellular SJs. In contrast, the hypothesis that Gli expression would respond to alterations in salinity can be accepted as Gli levels were found to exhibit an organ-specific increase in animals reared in BW. Furthermore, the hypothesis that Gli would contribute to changes in the permeability of SJs in association with salinity change is supported by changes in paracellular permeability of the midgut epithelium (as measured by 
Gli expression and localization in the osmoregulatory organs of larval mosquito
An expression profile of mRNA encoding Gli revealed its presence in all larval A. aegypti organs examined in this study, i.e. the midgut, Malpighian tubules, hindgut and anal papillae. However, the midgut showed significantly elevated levels of Gli transcript ( Fig. 2A) . (Fig. 2B) . A
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Gli monomer was also found in anal papillae where an additional higher molecular mass band of ~ 245 kDa, which is about twice the weight of Gli monomer, was observed and we interpret this to be a Gli dimer. The vertebrate homologs of Gli, Neuroligins, have been shown to dimerize or oligomerize via their extracellular serine esterase-like domain (Ichtchenko et al., 1995; Ichtchenko et al., 1996) and Gli dimerization has also been suggested for In the present study, bands corresponding to Gli monomer, putative dimer and additional form at ~ 150 kDa were detected in the hindgut of A. aegypti larvae (Fig. 2B) . aegypti larvae where they localize to SJs between all cells (see Jonusaite et al., 2017) . Taken together, it is reasonable to suggest that there is a difference in the molecular architecture of SJs between the stellate-principal cells and principal-principal cells in the Malpighian tubules of larval A. aegypti. The presence of cell type specific SJ proteins in larval mosquito tubules could be expected given that in dipterans, the principal and stellate cells are derived from the two different embryonic layers, the ectoderm and the mesoderm, respectively (Beyenbach et al.
2010; Clements 1992).
Lastly, our immunohistochemical analysis of Gli in the hindgut and anal papillae of A. aegypti larvae revealed its discontinuous immunostaining along the plasma membranes of rectal epithelial cells (Fig. 3M ) and the syncytial papilla epithelium where Gli showed some co-localization with the apically expressed VA (Fig. 3N,O) . In 
The response of Gli to BW rearing
In the current study, we report that an increase in external salt content triggered organ-specific changes in Gli transcript and protein abundance in A. aegypti larvae. Rearing larvae in BW resulted in an increase in Gli protein abundance in the anterior midgut and Malpighian tubules which was consistent with increased Gli transcript levels in these organs (Fig. 4A,B ). In addition, there was significantly higher Gli protein abundance in the hindgut of BWreared larvae compared to FW animals, albeit with no change in transcript abundance (Fig. 4A,B) . Lack of correlation between mRNA transcript and protein abundance has been recently reported for A. aegypti Kune both. Nevertheless, and in contrast to the response of Gli in the epithelia of the gut to BW condition, there was no change in Gli transcript and protein abundance in the anal papillae of BW-reared A. aegypti larvae compared to FW animals ( Fig. 4A,B) . The role of Gli in the papillae epithelium is unclear at this stage but its lack of response to salinity is in contrast to Kune which was previously shown to be significantly elevated in this tissue upon BW rearing (Jonusaite et al., 2016b) .
Gli dsRNA knockdown and midgut epithelium permeability
To further explore the idea that an increase in Gli abundance may contribute to an increase in SJ permeability in the midgut, a loss of function approach was taken by targeting gli for knockdown using dsRNA.
Knockdown of gli resulted in a reduction in anterior midgut Gli protein abundance as well as a corresponding, and significant, decrease in [ 3 H]PEG-400 flux across the midgut (Fig. 5) . From a functional standpoint, these observations are consistent with the aforementioned increase in paracellular permeability that occurs when Gli abundance is increased in BW reared larvae, suggesting that Gli is required for enhanced paracellular permeability or channel function of midgut SJs. In the TJ complex of vertebrate epithelia, the importance of select TJ proteins imparting channel or pore function is well documented (for review see Günzel and Yu, 2013) . More specifically, a key role in determining the permeability properties of vertebrate epithelial cells is played by transmembrane TJ proteins claudins which can either contribute to (or dictate) the barrier or channel/pore properties of an epithelium. In the case of the latter, select claudins are able to contribute to an increase in the permeability of certain ion species or molecules of a certain size (Günzel and Yu, 2013) . In invertebrates, it has been demonstrated that the sSJs in the midgut epithelium of lepidopteran Bombyx mori larvae display a high selectivity with respect to the size and the charge of permeating ions (Fiandra et al., 2006) . But to our knowledge, no study has linked specific elements of the SJ complex with this kind of physiological process in invertebrate epithelia. The questions of how Gli contributes to increased junctional permeability in the midgut of larval A. aegypti, as reported in this study, and what these junctions are more permeable to when larvae are in BW remains to be answered. But it could be speculated that Gli might contribute to water transport across the midgut of A. aegypti larvae. For example, A. aegypti larvae have been shown to greatly increase drinking rates in BW condition (Edwards, 1982; Clements, 1992) . Journal of Experimental Biology • Advance article 
